Background-White matter hyperintensities (WMHs) on MRI have been associated with age, cardiovascular risk factors, and falls in the elderly. This study evaluated the relationship between WMHs and dynamics of postural control in older adults without history of falls.
INTRODUCTION
White matter hyperintensities (WMHs) are seen as multifocal and/or diffuse hyperintense areas on T2 weighted brain MRIs of older people. WMHs have been related pathologically to cerebral microangiopathy [1] , [2] , hypoperfusion [3] , and neuronal loss in affected areas [4] , [5] . WMHs are strongly associated with age, hypertension, and diabetes, thus supporting a vascular hypothesis of their origin. Clinical studies have suggested a link between WMHs and the agerelated frontal lobe syndrome of cognitive decline [6, 7] , balance disorders, and falls [8] .
Specifically, it appears that the fronto-temporal cortex [9] and periventricular white matter [10] are particularly vulnerable to hypoperfusion and the development of WMHs. Because of the close proximity of frontal-subcortical circuits that control both motor and cognitive functions, it would not be surprising that periventricular WMHs may simultaneously cause dysfunction in both systems and that neuroanatomical changes in these structures have consequences for memory, executive functions, and balance in the older adults. We hypothesized that WMHs may affect feedback mechanisms controlling the dynamics of
Protocol Balance Assessment
Subjects were asked to sit with their legs elevated on a stool at a 90 degree angle above the force platform, and they were asked to stand up for 3 minutes with their eyes open. Subjects were instructed to place their feet up to ≈15 cm apart in the center of the force platform and to look straight ahead. Force displacement was continuously measured by the force platform (Type 5233A2, Kistler Instrument Corp., Amherst, NY) from the moment when their feet touch the ground in x, y, and z directions. Electrocardiogram, beat-to-beat blood pressure, and respiration were continuously monitored. Analog signals were recorded at 1000 Hz using Labview NIDAQ (National Instruments Data Acquisition System 64 Channel/100 Ks/s, Labview 6i, Austin, TX) on a Pentium Xeon 2 GHz dual processor computer.
MRI Sequences
High-resolution anatomical images were acquired in a GE 3 Tesla VHI scanner with quadrature head coil. The parameters are as following: 3D magnetization prepared rapid gradient echo (MP-RAGE) -T1 weighted; T E /T I /T R =3.1/600/7.8 ms, 3.0 mm slice thickness, 0 mm skip, 52 slices, bandwidth=62kHz, flip angle= 10°, 24 cm × 24 cm FOV; fluid-attenuation inversion recovery (FLAIR): T I /T E /T R = 2250/161/11000 ms, 5 mm slice thickness, 0 mm skip, 24 cm × 24 cm FOV, 256 × 160 matrix size; dual T2-weighted fast spin echo (FSE): T E = 25/117 ms, T R = 4000 ms, 5 mm slice thickness, 24 cm × 24 cm FOV, 256 × 256 matrix size; 3D-MR angiography (time of flight, TOF): T E /T R = 3.9/38 ms, flip angle of 25°,, 2 mm slice thickness, -1 mm skip, 20 cm × 20 cm FOV, 384 × 224 matrix size.
Image Analysis
Periventricular WMHs present as hyperintense areas with >30% increase in signal intensity on T2-weighted images as compared with adjacent white matter. Focal lesions are well-defined areas of >2 mm with high signal characteristics [11] . FLAIR images were scored for WMHs using a semiquatitative scale from 0 to 3: 0 = no lesions; 1 = focal; 2 = beginning confluence; 3 = diffuse involvement of the entire region on each slice [11] . WMHs were graded on all slices in the frontal, temporal, parieto-occipital, cortical regions and the basal ganglia regions and quantified as a sum of lesions grade for each region, and for the whole brain. This clinical rating scale has shown good correlation with the WMHs volume (R 2 =0.83, p<0.0001) [12] . The graders who scored (V.N.) and processed (P.Z.) images were blinded to the subject and group assignments. Segmentation of WMHs on FLAIR image was implemented by using the thresholding of hyperintense pixels and a region growing method that allowed an accurate WMHs detection without expertise, and it is programmed in Interactive Data Language (IDL, ITT Visual Information Solutions, Boulder CO). Figure 1 is an example of brain tissue and WMHs segmentation on axial MP-RAGE and FLAIR slices at the level of the ventricles, for a diabetic subject with hypertension (A) and a control subject (B). The brain volume was computed from the MP-RAGE image using Statistical Parametric Mapping software package (SPM, Wellcome Department of Imaging Neuroscience, University College London, UK). MP-RAGE image was segmented into white matter (WM), gray matter (GM), and cerebrospinal fluid (CSF) by an inherently circular model in SPM involving spatial normalization and tissue classification. The MP-RAGE segmented image was registered on the FLAIR image by normalization module in SPM to compute the whole brain, GM, and WM volumes with the same resolution as WMHs, and to normalize WMHs for the total brain and WM volumes.
Partial volume effects may cause uncertainties in measuring the brain and WMHs volumes. We have estimated these uncertainties using a method published by Firbank et al, such that by creating a high resolution model of the brain and calculating these quantities twice. First calculating the exact values from the high resolution model, second, evaluating the same quantities using the experimental image parameters, in plane resolution, slice thickness and slice gaps. Implementing this method, we observed a mean uncertainty of ±2.4% in measuring these volumes [13] .
Balance and Gait Assessment
Balance in the upright position is maintained through complex mechanisms that control interactions between musculoskeletal and somatosensory systems. Postural control was assessed from the center of pressure (COP) displacements using traditional static measures and stabilogram-diffusion analysis [14, 15] . Displacement of the COP has been used to assess postural sway and to demonstrate the impact of aging and age-related disorders on postural control [16, 17] . The traditional posturographic measures have been limited to summary statistics and have generally ignored the dynamic properties of the COP signals [18] [19] [20] . These parameters include the mean and maximum radius and range and the standard deviations in the mediolateral (x) and anteroposterior (y) directions and the swept area. Two parametersanteroposterior range and the standard deviations have been associated with risk of falls. [16] The stabilogram-diffusion analysis that enables extracting the dynamic information from COP signals [14] allows characterization of the postural sway dynamics in a physiologically meaningful way. This analysis provides dynamic measures of COP fluctuations in x and y directions: short-term positive correlation (mediolateral: Hxs; anteroposterior: Hys), long-term negative correlation (Hxl, Hyl), and fluctuation amplitude (RMSx, RMSy) and time scale (nx, ny) of transition from positive to negative correlations [21] . The COP signals behave as a positively correlated random walk over short-time scales characterized by a Hurst exponent (H). The parameter H js , called the scaling exponent, quantifies the correlation properties: if H js = 0.5, there is no correlation and the increments in displacement are statistically independent or random; if H js >0.5, there are positive correlations, wherein large increments are more likely to be followed by large increments (and vice versa for small increments); if H js <0.5, there are negative correlations, wherein large increments are more likely to be followed by small increments. The positive correlations in the COP signals suggest that the postural control system utilizes an open-loop control mechanism at small time scales (< 1 second). Negative correlations in the long-term region (time scales greater than ~2 seconds), indicate a close-loop controlled feedback. [14, 15, 22, 23] . The presence of negative correlations suggests that feedback mechanisms play an important role at large time scales and for large COP displacements, indicating a feedback control. The interpretation of positive correlations at small time scales has been debated, and it was suggested that they may reflect the sensory detection threshold, the time delay of sensory transmission and processing, the time delay due to the system's inertia, or a combination of all these factors [24] [25] [26] [27] [28] .
Gait speed was measured during 12 minute walking in the hallway at normal walking speed.
Statistical Analysis
Descriptive statistics were used to summarize all variables. Demographic measures s were compared among the 4 study groups using MANOVA with multiple measures adjustments and Wilk's lambda post hoc tests. One-way analysis of variance and Fisher's exact test were used for non-repeated variables. Age has known effects on brain volumes and WMHs and body mass affects posturographic measures. Therefore, WMHs data and normalized to brain volumes were adjusted for age and posturographic measures and gait were adjusted for age and body mass index using a linear regression model prior to the analysis. The generalized mixed models were used to determine the relationships between age-adjusted WMHs and the traditional and dynamic posturographic measures. Models included posturographic measures as dependent variables and WMHs measures as model effects, group and brain regions were included as co-variants. The relationship between WMHs and gait speed were evaluated using same approach.
RESULTS

Characteristics of Study Cohort
A total of 76 subjects completed MRI, gait and balance assessments ( Table 1) . Because of the known associations between WMHs, hypertension and diabetes we also present separately demographic characteristics for 38 normotensive (NTN) controls, 14 diabetic-normotensive (DM-NTN), 10 diabetic-hypertensive (DM-HTN), and 14 nondiabetic-hypertensive (HTN) participants). Demographic factors were similar among the groups, except, as expected, for body weight (p=0.002), systolic blood pressure (p<0.0001), glucose (p=0.0005), lipid panels (p=0.03-0.003) that differed in the diseased groups compared to controls. History of smoking and alcohol consumption was not different. Whole brain and white matter volumes were not different among the groups. Participants with hypertension had greater normalized gray matter volume (p=0.009) and larger CSF volume (p=0.02). Periventricular WMHs were associated with higher baseline systolic blood pressure (p=0.02), and therefore, as expected, periventricular WMHs (p=0.002) and punctuate WMHs (p=0.006) were higher among DM-HTN and HTN participants. Gait speed was within normal range, but was slower in DM-HTN group (p=0.03), and was negatively correlated with BMI (p=0.001; R= -0.4) but was not significantly associated with age (p>0.2; R<0.02). Traditional posturographic measures were not different among the groups. Table 2 summarizes traditional posturographic and dynamic balance measures for the entire cohort and their relationships to WMHs and brain volumes. WMHs were associated with certain dynamic balance parameters affecting the amplitude of postural sway and the transition time between short-term and long-term balance control during quiet standing with eyes open. Age-adjusted WMHs in fronto-temporal and parieto-occipital regions had distinct effects on dynamics of balance control. WMHs affected both amplitude and dynamics of postural sway, resulting in smaller and more random (less correlated) fluctuations. These effects were similar for both regions.
White Matter Hyperintensities and Dynamics of Postural Control
In the fronto-temporal region, WMHs were associated with reduced anteroposterior range (p=0.045), reduced radius of motion (punctuate WMHs p=0.03), reduced amplitude of shortterm fluctuations (RMSx, p=0.0006) and shorter transition time (nx1, p= 0.01).
In the parieto-occipital region, WMHs were also associated with reduced anteroposterior range (p=0.009) and standard deviation (p=0.03), smaller maximum radius (p=0.016), and reduced amplitude of short-term fluctuations (RMSx, p=0.005). In mediolateral direction, greater WMHs load was associated with less correlated long-term mediolateral fluctuations (Hxl: Normalized WMHs volume, p=0.03; periventricular WMHs fronto-temporal, p=0.0046 and parieto-occipital p=0.003; punctuate WMHs fronto-temporal, p=0.007). In the frontal region, increased CSF volume was associated with greater range of sway in the mediolateral direction (p=0.02), and greater maximal radius (p=0.01), but did not significantly affect body sway in the anteroposterior direction. We did not find association between WMHs volume and the whole brain GM, WM and CSF volumes.
White Matter Hyperintensities and Gait Speed
Body mass and height had significant effects on gait. Gait speed, adjusted for body mass index, was positively correlated to regional brain volumes (Figure 2A, B) , WM volume in the frontal region (p=0.003, R=0.4), GM in the frontal region (p=0.01, R=0.3). WMHs measures (volumes, periventricular and punctuate sums) were not associated with gait speed ( Figure 2B ).
DISCUSSION
This study demonstrated that diffuse periventricular hyperintensities and ischemic punctuate lesions affect the dynamics of postural control in older adults without a history of falls. WMHs were associated with reduced range of postural sway in anteroposterior direction and increased sway in mediolateral direction and more random fluctuations in both directions, suggesting negative effects on postural control feedback mechanisms. Increased WMHs load affected certain parameters of dynamic balance control, specifically those associated with long-term control of postural sway that required engagement of feedback mechanisms. These effects were significant for periventrical WMHs in both fronto-temporal and parieto-occipital regions. Gait speed was not affected by WMHs.
Subcortical WMHs were linked cross-sectionally with cognitive impairment [29, 30] , and longitudinally with the rate of cognitive decline [31] , in community-dwelling elders. Subjects with large subcortical WMHs have higher systolic blood pressure, more brain atrophy, reduced cerebral metabolism, and lower scores on tests of frontal lobe function than do age-matched controls [32] , [33] . The strong relationship of WMHs with age [11] , cognitive and motor slowing, and other risk factors for stroke suggest that they themselves may be manifestations of clinically important cerebrovascular disease [7] , [12] . Cognitive decline, slow gait speed, and falls are common manifestations of subcortical frontal dysfunction and the atrophy that occurs with age-related disorders. A recent longitudinal study of 224 cognitively normal subjects older than 60 years [34] showed that an increase in the WMHs volume was associated with a concurrent decrease in white matter perfusion over an average of 5.8 years of followup. In addition, positron emission tomography studies showed that a significantly reduced frontal lobe metabolism was correlated with lower cognitive scores [35] . The LADIS (LeukoAraiosis and Disability) Study also demonstrated that older people with severe WMHs were at higher risk for functional decline and loss of independence in a short period of time due to cognitive deterioration [36, 37] These findings are most prominent in physically inactive individuals [38] .
In a study of more than 700 community-dwelling participants from the Cardiovascular Health Study, WMHs were associated with worse performance on tests of balance using both clinical and dynamic posturography measures [8] . Among 1077 non-demented elderly men and women participating in the Rotterdam Scan Study [31] , those with the most severe diffuse subcortical WMHs scored nearly 1 SD below the mean on tests of psychomotor speed. Whitman et al [39] compared the progression of WMHs in people with poor postural control and gait speed in healthy subjects. Subjects whose scores dropped more than 4 points on the Tinetti Performance Oriented Mobility Score over 4 years had a greater increase in WMHs volume and number of falls than those with normal scores. In a 10-year longitudinal study, Baloh and colleagues also reported a correlation between yearly changes in the Tinetti balance score and WMHs [40] . Because of the close proximity of frontal-subcortical circuits that control both motor and cognitive functions, it is not surprising that periventricular vascular lesions may simultaneously cause dysfunction in both systems. Therefore, regional brain metabolism may be exposed to fluctuations in perfusion pressure, compromising especially the periventricular watershed areas and regions with high metabolic demands.
The important findings of this study are that WMHs affect the dynamics of postural control in older people without a history of falls and that brain atrophy manifests as slower gait speed. In healthy people, long-term fluctuations of postural sway are negatively correlated, so that the sway in one direction is compensated by movement in the opposite direction, through engagement of compensatory feedback mechanisms. WMHs impair these mechanisms and sway fluctuations become more random, thereby affecting postural control during quiet standing. Abnormalities in postural sway in older adults are well documented, and research has linked greater amounts of postural sway to an increased risk of falling, a serious problem for older adults. Using multiscale entropy analysis, it was demonstrated that the postural sway dynamics of healthy young and healthy elderly subjects are more complex than that of elderly subjects with a history of falls [41] . Our study may support these findings by demonstrating that even in people without history of a falls, abnormalities in white matter pathways and regional brain atrophy affect dynamics of postural control and regional atrophy is associated with slower speed.
Some limitations to our approach may arise from fact that the study was cross-sectional and selected patients without a history of recurrent falls, and therefore the patients with the most severe lesion and balance abnormalities have not been evaluated. Our analysis were performed on data from the entire cohort, and therefore we cannot exclude that diabetes, hypertension or other risk factors may exert disease-specific effects on perfusion [12] and postural control. In contrast, WMHs are likely to be manifestations of misrovascular disease associated with these co-morbidities. This study was focused on people without a history of balance impairment and falls, and therefore we did not expect to find differences in traditional balance parameters among the groups.
This study addressed an important clinical question about the relationship between cerebromicrovascular disease and postural control in older people, and it provided evidence that WMHs on MRI affect dynamics of postural control during quiet standing. Continuous and punctuate WMHs affect long-term dynamics of postural control, which requires engagement of feedback mechanisms. Further prospective studies are needed to determine pathophysiology of WMHs and regional atrophy in older people with hypertension and diabetes and to differentiate their effects on mobility control. The effects of age-related WMHs and atrophy on gait and balance dynamics differ according to anatomical regions, and may contribute to mobility decline in the elderly. Example of segmentation of gray matter (GM) and white matter (WM) on MP-RAGE (3D magnetization prepared rapid gradient echo) images and white matter hyperintensities (WMHs) segmentation on axial FLAIR (fluid attenuated inversion recovery) images slices at the level of the ventricles, for a diabetic subject with hypertension (A1-A5) and a control subject (B1-B5). Association of gait speed with (A) age-adjusted frontal WM volume and (B) white matter hyperintensities volume (WMHs). BP, blood pressure;; DM, diabetes mellitus; GM, gray matter; WM, white matter; CSF, cerebrospinal fluid; WMHs, white matter hyperintensities.
* NS-indicates that there is no difference between normotensive and diabetic-normotensive, and between hypertensive and diabetic-hypertensive subjects.
Table 2
Posturographic measures and gait speed and the relationship to white matter hyperintensities
